ABSTRACT: The barrens-forming sea urchin Centrostephanus rodgersii (Diadematidae) has recently undergone poleward range-extension to Tasmania where grazing of diverse and economically important macroalgal beds has occurred. We compared growth, biometric, dietary and morphometric characteristics of C. rodgersii between macroalgal habitat and adjacent barrens to inform population dynamics of the sea urchin within the newly extended range. The age structure of C. rodgersii in macroalgal habitat and adjacent barrens is similar, suggesting that both habitats have been influenced by similar recruitment events. However, there are clear differences in body size, body mass, spine length and diet of sea urchins in the 2 habitat types. We identified 2 broad morphologies of C. rodgersii. The first is of relatively large size with thick test, rapid growth and short spines, that grazes macroalgal beds (macroalgal eco-morph). The second ecomorph persists on the barrens habitat and demonstrates smaller body size, slower growth and thinner test, with gut contents dominated by closely cropped filamentous and/or coralline algae; but occurs at higher density, possesses longer spines and appears to enhance the persistence stability of barrens habitat once it is formed (barrens ecomorph). Invading dense, swell-prone macroalgal habitat of eastern Tasmania, the phenotypic plasticity displayed by this sea urchin appears to be an important mechanism facilitating colonisation of reef habitats within the extension region. Importantly, habitat-specific patterns in population dynamics are broadly consistent with those observed from within the historical range, suggesting that patterns in macroalgal-sea urchin dynamics and the ecological importance of this species will be similar across the newly extended range.
INTRODUCTION
Climate change is predicted to have major impacts on the distribution of species in the worlds' oceans (Rosenzweig et al. 2007 ). As oceans warm, a reshuffling of species distributions towards the poles (e.g. Walther et al. 2002 , Parmesan & Yohe 2003 will lead to changes in biological interactions which may in turn lead to major shifts in coastal ecosystems, particularly if ecologically dominant species undergo range modification (e.g. Hughes 2000 , Harley et al. 2006 ). While many species are known to play dominant functional roles in particular coastal ecosystems (e.g. Andrew & Byrne 2001 , Steneck et al. 2002 , Micheli & Halpern 2005 , the dynamics of such species and their ecological significance at higher latitudes is speculative. While species-specific and/or regional idiosyncrasies are likely, understanding the population dynamics and function of such species within new ranges will be essential to anticipate broader ecosystem responses.
Driven by a changing regional climate, the diadematid sea urchin Centrostephanus rodgersii (Agassiz) has undergone recent poleward (southern) range extension from southeast mainland Australia to Tasmania (Johnson et al. 2005 . Invading dense and productive macroalgal beds, incursion of C. rodgersii in Tasmania is important given the species' ability to catastrophically overgraze algal-dominated habitat, which results in widespread and persistent sea urchin barrens throughout the species' historical range in New South Wales (NSW) (reviewed by Andrew & Byrne 2001) . Indeed, such is the dominant ecological effect of C. rodgersii that, within its historical range, the sea urchin has formed and maintains barrens over approximately 50% of all near-shore rocky reefs (Andrew & O'Neill 2000) .
Since its first detection on the Tasmanian mainland coast in 1978, the sea urchin's abundance has increased, and evidence of barren areas now occur in some Tasmanian locations (Johnson et al. 2005) . The potential for broad-scale ecological shifts from luxuriant macroalgal beds to sea urchin barrens in Tasmania therefore poses a major threat to local biodiversity and valuable reef-based fisheries that depend on macroalgal habitat (Johnson et al. 2005 , Ling 2008 ). Hence, understanding the characteristics of Centrostephanus rodgersii populations leading to barrens formation and the expression of such characters on reefs within the extension-region is therefore important in assessing the ecological role of this sea urchin within Tasmania.
From studies in NSW, it is clear that a threshold density of Centrostephanus rodgersii is required to initiate widespread destructive grazing of macroalgae, and that this density is greater than that necessary to maintain barrens (Andrew & Underwood 1993 , Hill et al. 2003 . As is typical among diadematids, C. rodgersii is nocturnal and displays a homing behavior so that localized grazed patches are manifest as halos radiating from crevices used for daytime shelter (reviewed by Andrew & Byrne 2001) . Importantly, the 'catastrophic shift' (after Scheffer et al. 2001 ) from small grazed patches (<1-10s of m) to widespread barrens (100s of m) occurs when localized grazed patches coalesce (Andrew 1993 , Andrew & Underwood 1993 , Hill et al. 2003 . Thus, C. rodgersii forms barrens in a different way to that documented for most other sea urchins (e.g. Strongylocentrotid species), which typically aggregate to form highly destructive mobile feeding fronts (e.g. Lang & Mann 1976 , Lauzon-Guay & Scheibling 2007 . Although the predominant mode of C. rodgersii barrens formation hinges on the use of localised shelter (a feature that makes barrens formation by this species highly predictable) populations maintaining widespread barrens in NSW and Tasmania do occur on featureless flat-rock habitat, indicating that shelter is not obligatory for C. rodgersii to form barrens (Andrew 1993 , Andrew & Byrne 2001 , Johnson et al. 2005 .
While widespread barrens currently occur in relatively few places in eastern Tasmania, the major feature of Centrostephanus rodgersii grazing on this coast is the occurrence of small barren patches within dense macroalgal beds, a condition referred to as incipient barrens (Johnson et al. 2005) . Indeed, widespread barrens are currently only observed in northeastern Tasmania (including the Kent Group in eastern Bass Strait), while incipient barrens can be found across the east coast but have not been reported in southern Tasmania, where the sea urchin is rare and only occurs as scattered individuals (Johnson et al. 2005) . Within the NSW range, boundaries between C. rodgersii barrens and macroalgal habitat demonstrate high stability and often align with discontinuities in reef substratum type, or with the sweeping motion of large brown seaweeds that can create an abrasive 'whiplash' effect on the benthos that appears to restrict the distribution of the sea urchin (e.g. Andrew 1993 , Andrew & Byrne 2001 ; also see Konar 2000) . However, such a pattern of stability between macroalgal boundaries and barren habitat does not account for many sites in Tasmania where grazed patches display sharp boundaries on reefs with otherwise continuous rocky substratum. Furthermore, grazed areas on Tasmanian reefs are currently observed in relatively deep water (>10 m) (Johnson et al. 2005) compared to that observed within the historic range of C. rodgersii, where the barrens habitat extends across relatively shallow reefs (< 5 m) (Andrew & Byrne 2001) .
The recent nature of the Centrostephanus rodgersii range extension and an increasing occurrence of grazing in Tasmania suggest that the sea urchin may have the capability to form widespread barrens over much of this coastline (Johnson et al. 2005) . Clearly, the potential for expansion of C. rodgersii barrens in Tasmania, either by grazing at the edges of recently formed barrens or coalescence of smaller incipient barrens patches, is dependent on the dynamics of sea urchins at the boundaries of macroalgal habitat coupled with the dynamics of individuals maintaining previously grazed areas. Because demographic transitions of sea urchin populations may inform the dynamics of overgrazing (e.g. Lang & Mann 1976 , Kenner 1992 , Pederson & Johnson 2008 , we investigated population dynamics of C. rodgersii within its new range by comparing the growth, biometric, dietary and morphometric characteristics of sea urchins on recently formed barrens with those existing within macroalgal boundaries. Observed dynamics are discussed with respect to well documented patterns from within the species' historic range.
MATERIALS AND METHODS
Study sites. We conducted the research in northeastern Tasmania at St. Helens, where there are recently formed Centrostephanus rodgersii barrens and transitional zones between barrens and macroalgal beds (hereafter 'macroalgal boundary habitat'). Further south, C. rodgersii inhabiting incipient barrens were examined at 3 sites: Freycinet Peninsula, Maria Island and Tasman Peninsula (Fig. 1) . At St. Helens, the average density (± SE) of Centrostephanus rodgersii on barrens (2.09 ± 0.1 m -2 ; 10 to 20 m depth) was higher than that within adjacent macroalgal boundary habitat (1.61 ± 0.2 m -2 ; 8 to 12 m depth) or that within the interior of macroalgal beds where density declined rapidly (0.36 ± 0.2 m -2 ; 8 to 20 m depth). For incipient barrens patches at the 3 southern sites (15 to 20 m depth), average C. rodgersii density within patches ranged from 1.5 to 3 m -2 (Johnson et al. 2005) . As observed in some parts of the sea urchin's NSW range, subtidal macroalgal beds on the exposed eastern Tasmanian coast were dominated by Phyllospora comosa (Seirococcaceae) (~3 to 15 m depth) and/or Ecklonia radiata (Laminariales) (~8 to 20 m depth), which typically form an algal canopy reaching ~1 to 2 m in height above the reef surface.
Growth, size and age structure. Habitat-specific growth models were derived by analysis of annual growth increments of tagged sea urchins. Sea urchin age-structure was then estimated for each habitat using the growth models to predict age-at-size for large numbers of individuals (Table 1) . Individuals were tagged with tetracycline, and growth increment data was obtained from the change in length of jaw structures (demipyramids). Because demipyramids (jaws) of sea urchins grow continuously throughout a sea urchin's lifetime, and the growing edge stains readily with tetracycline, jaws provide a suitable structure to assess growth under field conditions (after Ebert 2001 , Pederson & Johnson 2008 Preparation of jaws and measurement of growth increments. Prior to removing jaw structures, the TD of each individual was measured using knife-edge vernier calipers. The complete Aristotle's lantern was removed, labelled and soaked in 12.5% sodium hypochlorite for 48 hr to dissolve connective tissue and expose individual jaw structures; these were then dried and checked under UV light for the presence of a fluorescing tetracycline tag. For each tagged individual, a jaw growth increment (ΔL) was estimated by measuring (to 0.05 mm) the distance from the inside edge of the fluorescing band to the growing aboral edge of the jaw with an ocular micrometer under 20× magnification. Jaw length at time of recapture (L t+Δt ) was measured (to 0.1 mm) using knife-edge vernier calipers. Estimated jaw length at time of tagging (L t ) was calculated by subtracting the growth increment (ΔL) from jaw length at time of recapture (L t+Δt -ΔL).
Selection and fitting of growth models. For tagrecaptured Centrostephanus rodgersii in eastern Tasmania, the pattern of annual jaw growth increment (ΔL) versus initial jaw size at tagging (L t ) indicated an indeterminate growth pattern best described by an inverse logistic function. Optimum fits for the inverse logistic functions were determined by minimising the sum of the negative log-likelihoods for each of the observed growth increments (ΔL) and the expected growth increments derived by the model. The expected variation around the growth increments was explicitly modelled as a power function of the expected length (see Haddon et al. 2008) .
The inverse logistic equation is written as:
( 1) where MaxΔL is the hypothetical asymptotic maximum jaw growth increment at some initial size of sea urchin that sets the exponential term to zero; Δ t is the actual time increment between tagging and recovery, i.e. 1 yr; L t is the size when first tagged; L m 50 is the initial length at which the mid-way point between the MaxΔL and zero growth increment is reached; L m 95 denotes the initial length at which 95% of the difference between zero and maximum increment is reached; and Ln(19) is a scaling parameter that defines the L m 95 point. The error term ε Lt is additive and normal, and assumed to have a mean of zero and SD of σ L t , which is also defined as a function of predicted length. The SD of the residual for each L t was modelled as a power function of the expected growth increment with 2 parameters α and β (Haddon et al. 2008) : (2) Biometrics and morphometrics. To assess the morphological characteristics of Centrostephanus rodgersii in barrens and macroalgal boundary habitat, 5 mass characters and 4 linear morphological dimensions were measured. It was necessary to track temporal patterns in some variables that varied seasonally, e.g. gonad weight. Mass characteristics for macroalgal boundary and widespread barrens habitats at St. Helens were sampled on 5 occasions over a ~12 mo period (ca. 2.5 mo intervals) between March 2004 and April 2005. On each sampling occasion, 30 C. rodgersii in the size range of ~80 to 110 mm TD (to reduce potential size related biases in body indices, M. Byrne pers. comm.) were collected by divers from each site. All animals were dissected fresh and drained of coelomic fluid and any free-surface water, and component body parts were weighed individually, viz. gonads, test and spines, gut plus gut contents, and Aristotle's lantern. Reproductive investment was described by the gonad index (GI) calculated as the percentage of an individual's total body weight that was gonad. Gut index (GutI) was similarly calculated as the percentage of total body weight as gut plus gut contents. The relative abundance of different gut contents were scored by assessing the planar percentage cover of pellet types spread evenly across a dissecting dish (8 cm radius). Seasonally invariate mass characters, i.e. test weights (plus spines) and lantern weights, were pooled across sampling periods. An estimate of C. rodgersii biomass per m 2 of reef was obtained for each habitat type by multiplying the weight of the average-sized sea urchin (drained of coleomic fluid) for each habitat by the density of sea urchins within each habitat.
Linear morphological dimensions of TD, test height, jaw length and longest spine length were measured with knife-edge vernier calipers to the nearest mm. Because the Centrostephanus rodgersii spine canopy consistently forms an even hemisphere, the length of the longest spine provided a useful index of overall spine morphology, i.e. the next 50 longest spines were on average 82% (± 0.6% SE) of the longest spine length (n = 28, where n is the number of individual sea urchins that were measured for 50 spine lengths). Test thickness (at ambitus) was estimated using a micrometer (to 0.1 mm) clamped either side of the flat ambulacral plate.
Analyses. Growth curves between each habitat -site combination were compared using likelihood ratio tests, after Haddon (2001) . All other statistical analyses were undertaken using SAS ® software (v. 9.1). For ANOVA, data were checked for conformity to assumptions of homoscedasticity and normality. Where data were heteroscedastic, the transformation to stabilise variances was determined by the relationship between group SDs and means (Draper & Smith 1981) 
RESULTS

Growth
Annual growth of Centrostephanus rodgersii jaws was significantly faster in the macroalgal boundary habitat than in recently formed barrens (Figs. 2a,b) . Likelihood-ratio tests revealed that growth models were significantly different between habitats (p < 0.0001), but not among sites within habitats (macroalgal, p = 0.67; barrens, p = 0.054), thus growth for each habitat was modelled using data pooled within habitat type. Optimal inverse logistic growth parameters for C. rodgersii in macroalgal boundary habitat was (Fig. 3a) . Jaw length frequency distributions showed broad similarity between habitats (Fig. 3b) and conversion of jaw lengths to age (using habitat-specific growth models) revealed broadly similar ages between barrens and macroalgal boundary habitats (Fig. 3c) .
Biometrics
Temporal patterns in Centrostephanus rodgersii body indices show that GIs were generally higher within macroalgal boundary habitat relative to barrens; however, this difference was not significant during the peak of the spawning period (2-way Model III ANOVA: Habitat, F 1,1 = 76.87, p = 0.072; Site, F 1,116 = 1.67, p = 0.200; Habitat × Site, F 1,116 = 0.15, p = 0.704) (Fig. 4a ). GutIs were generally higher for C. rodgersii (Fig. 4b) . Gut contents of C. rodgersii at macroalgal boundaries consistently contained greater proportions of fleshy macroalgal material relative to urchins from barrens that predominantly contained filamentous and encrusting algal material (post-spawning period revealed a significant interaction: Y 0.68
, F 1,116 = 7.38, p = 0.008) (Fig. 4c) ) (1-way ANOVA, F 1,2 = 0.24, p = 0.67).
Morphometrics
On average, Centrostephanus rodgersii from recently formed barrens possessed longer jaws for a given TD compared to urchins from macroalgal boundary habitat; slopes varied across habitats (F calc(3,1192) = 3.26, p < 0.001), but were homogenous within each habitat type (barrens, F 1,596 = 1.88, p = 0.17; macroalgal boundary, F 1,596 = 0.00, p = 0.96) (Fig. 5a) . Conversely, total body weight, hereafter 'body weight' (test weight plus spines) of C. rodgersii (including spines) was significantly heavier on average within macroalgal boundary habitat relative to animals of similar TD on the barrens. However, there was also significant variability in relative body weight among sites and among habitats across sites (Model II, 2-way ANCOVA: test for homogeneity of slopes, F calc(3,592) = 0.89, p > 0.25; Habitat, F 1,1 = 115.07, p < 0.0001; Site, F 1,1 =31.09, p < 0.0001; Habitat × Site, F 1,595 = 9.43, p = 0.002) (Fig. 5b) . Examination of relationships between test height and test diameter revealed heterogeneous slopes between samples (test for homogeneity of slopes, F calc(3,1192) = 3.26, p < 0.025); Table 1 ), n = 300 per habitat/site combination. Comparison of age frequencies revealed non-significant differences in age distributions between all samples (K-S tests minimum p = 0.12) how ever, there was a high degree of overlap between fitted trend lines, indicating little evidence for habitat specific patterns in test height (Fig. 5c) . Heavier body weights, corrected for TD, within the macroalgal boundary habitat was explained by these urchins having relatively thicker tests than their counterparts on barrens (1-way ANCOVA: test for homogeneity of slopes, F 1, 84 = 0.01, p = 0.94; Habitat, F 1, 85 = 21.69, p < 0.0001) (Fig. 5d) . Spine length relative to TD was generally longer for sea urchins from the open barrens than those within the macro algal boundary zone. Across habitats, spine length for Centrostephanus rodgersii generally in creased with increasing TD to about 70 mm, and thereafter a slight increase in spine length was observed for urchins from barrens, but spine length declined with increase in TD for individuals from macroalgal bound- . Conversely, for widespread barrens, spine length was positively related to TD, and this slope was statistically different to the negative slopes described for urchins from incipient barrens (F 3,1578 = 8.67, p < 0.0001) (Fig. 6b) . Differences in spine morphology between C. rodgersii residing on open barrens and in macroalgal habitat were visually obvious in situ (Fig. 7) .
DISCUSSION
Growth, diet and morphology
Similar age-structure of Centrostephanus rodgersii in macroalgae boundary habitat and on recently Although the TD is 28 mm smaller for the barrens specimen, the diameter of the spine canopy is greater than that of the larger individual from within the macroalgal boundary habitat. The estimated age for the displayed individual from the macroalgal boundary habitat is ~30 yr, while the individual from the barrens is ~12 yr formed barrens suggests that both habitats are influenced by broadly similar recruitment events, and there is no pronounced ontogenetic shift in habitat preferences. Importantly, the emergence of distinctive growth and phenotypic patterns between the alternative reef states indicates persistence of C. rodgersii within each habitat and limited exchange of individuals across this habitat interface (e.g. Konar 2000) . Consistent with observations of C. rodgersii within its historical range in NSW (Blount 2004) , and with sea urchins in other systems (e.g. Rowley 1990 , Meidel & Schiebling 1999 , C. rodgersii grew significantly faster within macroalgal habitat in eastern Tasmania. Faster growth of C. rodgersii within macroalgal habitat was consistent with relatively heavy gut weights and a diet composed predominantly of fleshy macroalgae. In adjacent barrens, the smaller, slower growing sea urchins displayed lower gut weights for a given size and a diet of predominantly filamentous and encrusting coralline algae with fleshy macroalgae consumed only occasionally, a result consistent with studies elsewhere (e.g. Harrold & Reed 1985) . The persistence of sea urchins on reefs where algae has been heavily grazed is clearly dependent on the ability of sea urchins to switch their diet from fleshy macroalgae to filamentous and/or coralline algae (reviewed by Johnson & Mann 1982) . However, in contrast to many other studies (e.g. Lang & Mann 1976 , Johnson & Mann 1982 , Meidel & Schiebling 1998 , including the pattern demonstrated by C. rodgersii in NSW (Byrne et al. 1998) , habitat-related patterns in nutritional status were not reflected as strong contrasts in GI. This intriguing result indicates that individuals on recently formed barrens in eastern Tasmania obtained sufficient nourishment to invest strongly in reproduction, but appeared to do so at the expense of somatic growth. Because population densities of C. rodgersii on Tasmanian barrens (1 to 2 m -2 ) were ~2 to 4 times lower than in NSW (Johnson et al. 2005) , reduced competition between individuals for food may explain the greater than expected GIs on recently formed Tasmanian barrens, as described for other systems (e.g. Wahle & Peckham 1999) .
Intriguingly, the biomass density of Centrostephanus rodgersii (g m -2
) was not significantly different between macroalgal boundary habitat and barrens; however, the sea urchin was more numerous per unit biomass on the barrens. This pattern is typically observed in NSW, where C. rodgersii densities on barrens are approximately twice that found within fringing macroalgal habitat (Underwood et al. 1991 , Andrew & Byrne 2001 , Blount 2004 . Our observation of lower densities of C. rodgersii within macroalgal habitat but similar age-structure to that on adjacent barrens, suggests greater rates of settlement and/or post-settlement survivorship in heavily grazed habitats. Within their historical range, it has been suggested that settlement rates are higher on barrens than in seaweed beds (Andrew 1991 , Blount 2004 ; however, we were unable to sample recently settled C. rodgersii to test this idea (it was not possible to access the interstices of the reef where they reside). Accumulation of animals at the barrensmacroalga interface as a result of increased mobility of urchins on barrens (Mattison et al. 1977 , Lauzon-Guay & Scheibling 2007 ) is unlikely to be a contributing mechanism because C. rodgersii does not form feeding fronts.
Consistent with contrasting growth rates of Centrostephanus rodgersii across the alternative habitat states, comparisons of relative jaw length and test thickness (both of which are indicators of foodlimitation in sea urchins; Ebert 1980 , Black et al. 1982 , 1984 also revealed clear differences between habitats. C. rodgersii from recently formed Tasmanian barrens possessed longer jaws, but thinner tests, for a given test diameter relative to sea urchins in macroalgal boundary habitat, consistent with studies from the sea urchin's historical range (Andrew & Byrne 2001 , Blount 2004 . Individuals from macroalgal habitat also had shorter spines for a given test diameter than their counterparts on adjacent barrens, reflecting that they are subject to abrasion and breakage by the sweeping action of robust macroalgae (S. D. Ling pers. obs.). Thus, broadly distinctive phenotypes of C. rodgersii emerged from within the extension-region; sea urchins with a large and thick test but relatively small Aristotle's lantern and short spines were observed to forage among macroalgae; while sea urchins from barrens possessed relatively small and thin tests, but large jaws and longer spines.
Informing macroalgal-urchin dynamics within the newly extended range
While juvenile canopy-forming algae and foliose understory species are highly susceptible to sea urchin grazing, under some circumstances large adult algae, particularly canopy-forming species such as Phyllospora comosa and Ecklonia radiata (found in both NSW and eastern Tasmania), appear to have a partial size refuge from Centrostephanus rodgersii (Andrew & Byrne 2001 , Hill et al. 2003 . Under the influence of ocean surge typical of the exposed Tasmanian coastline, large macroalgae appear particularly immune to sea urchin grazing by restricting the distribution of urchins with robust, yet flexible lamina that create a whiplash effect on the benthos (e.g. Himmelman 1980 , Vasquez & McPeak 1998 , Konar 2000 , Gagnon et al. 2003 . Thus, invasion of mature Tasmanian macroalgal beds and persistence of C. rodgersii within this habitat may become difficult under surge conditions. Indeed, the domination of shallow, exposed Tasmanian reefs by dense, mature stands of macroalgae (i.e. P. comosa, which is commonly found to depths of ~10 m) emerges as a likely factor influencing the currently deep (>10 m) depth distribution of C. rodgersii on this coast (Johnson et al. 2005) .
The presence of adult macroalgae also appeared to influence the morphology of Centrostephanus rodgersii as the short-spined configuration was particularly striking where individuals were bound to crevices within the range of whiplash from macroalgal fronds (see Fig. 7 ). Indeed, in other work we observed that long-spined C. rodgersii from barrens, when held in cages with large macroalgae, all displayed short spines after ~6 mo (S. D. Ling pers. obs.). Conversely, short-spined individuals from macroalgal habitat began to regrow length in their spines (observed as pale growing tips) when held in aquaria free of macroalgae abrasion for several months (also observed for Strongylocentrotus franciscanus, RogersBennett et al. 1995) . Furthermore, short-spined C. rodgersii also possessed thicker and heavier tests than their long-spined counterparts. Consistent with this pattern, spine breakage in S. purpuratus results in greater overall rates of calcification resulting in thicker, heavier and more robust tests (at the expense of regrowth in spine length) arguably better suited to exposed coastal conditions (Edwards & Ebert 1991) . Thus, plastic resource allocation would appear capable of shifting to favour persistence within exposed macroalgal dominated habitats.
Importantly, the final transition from macroalgal beds to Centrostephanus rodgersii barrens appears to occur when large, mature plants, often weakened by grazing of haptera (S. D. Ling pers. obs.), either break away during surge or senesce (e.g. Harrold & Reed 1985 , Tegner et al. 1995 . Thus, providing C. rodgersii can persist within swell-prone macroalgal habitat, eventual felling of large robust plants may allow barrens to expand into shallower reef margins (<10 m depth) as commonly observed within the species' historical range (e.g. Andrew 1993 , Andrew & Byrne 2001 ). Indeed, overgrazing by C. rodgersii within its new range is associated with relatively mature sea urchin populations, as widespread barrens are only currently observed at sites where the average population age is >18 yr (Fig. 8) . Such a pattern suggests a time delay between the incursion of the sea urchin and the onset of barren formation, indicating that if populations are able to grow, then patterns of grazing within the extension region may converge on that observed within the species' historical range.
Barren formation and range expansion
In creating a habitat free of large and potentially 'inhibitory' macroalgae, formation of barrens by Centrostephanus rodgersii, while resulting in reduced individual performance through lower food availability, may manifest as a net positive feedback at the population level (e.g. Jones et al. 1997 , Scheffer et al. 2001 . That is, C. rodgersii may be considered to facilitate its own invasion success in eastern Tasmania by modifying the macroalgal habitat and effectively 'paving the way' for further establishment of high density sea urchin populations (Breen & Mann 1976 , Lang & Mann 1976 , Himmelman 1980 , Tegner 1980 , Tegner & Dayton 1981 , Miller et al. 2007 ). Indeed, Mann & Breen (1972) first hypothesised that observations of increased sea urchin abundance associated with barrens may indicate that the creation of barrens facilitates urchin population expansion. Since then, this possibility has received little focus (but see Lang & Mann 1976 ). Rather, emphasis has been placed on the negative effects of barrens at the individual level, even though the formation of barrens has been documented to enhance localised carrying capacity (Lang & Mann 1976 , Himmelman 1980 , post-settlement survival (Rowley 1989) , population stability and recruitment (e.g. Andrew & Byrne 2001) , and enhance population level reproductive success by spatially aggregating Cover of canopy-forming macroalgae vs. mean population age on rocky reefs across the range-extension region; data are means ± SE. Macroalgal cover data for eastern Tasmania is for reefs 5-18 m depth (after Johnson et al. 2005) ; for southwest Tasmania only 3 C. rodgersii individuals and no barrens have been reported, hence the luxuriant macroalgal cover observed across this region was considered to constitute 100%. Mean population age estimated for each location from jaw lengths of 300 ind., except for the Kent Group and southwest Tasmania, where age was estimated from test diameters (n = 273 and n = 3 respectively), data from Ling et al. (in press ). (---): Thresholdtype relationship, fitted by eye free-spawning sea urchins (e.g. Wahle & Peckham 1999) . Because a greater number of individuals may exist on barrens for a given biomass of sea urchins, overgrazing of large and abrasive macroalgal plants on swell-prone reefs appears to be a mechanism by which sea urchins may establish highly abundant populations. In the case of a range-extending sea urchin occurring at relatively low population size at a range margin (where risk of local extinction may be high), the conversion of macroalgal-dominated reef to sea urchin barrens therefore appears to be an important invasion process facilitating the establishment of viable populations. Population stability of sea urchins may also be increased by minimising individual predation risk. Because long spines appear to confer greater resistance against predators, predation risk to Centrostephanus rodgersii is seemingly lower on barrens where individuals can afford relatively long spines. Based on habitat specific growth models (Fig. 2c) and measures of size-specific lobster predation (S. D. Ling unpubl. data), the short-spined morph of C. rodgersii occurring in macroalgal habitat takes on averagẽ 21 yr to reach a size refuge from all but the very largest lobsters. In contrast, the long-spined morph of C. rodgersii characteristic of barrens, even though it has slower growth in test diameter, develops a spine canopy allowing predatory size refuge much quicker at ~15 yr.
CONCLUSIONS
Within the extension region, habitat-specific patterns of Centrostephanus rodgersii were broadly consistent with that observed from within its historic range. This suggests that the dominant ecological role and ecological dynamics of the species will be conserved across its extended range. A notable contrast, however, was the exceptional reproductive status of sea urchins within recently formed barrens. Nonetheless, because individual gonad production is known to vary in a density-dependent manner among sea urchins (e.g. Byrne et al. 1998 , Blount 2004 , this result suggests that if population size were to increase within the extension region then habitat-specific contrasts in reproductive condition would converge on that observed within the species' historical range. Indeed, further coastal warming predicted for Tasmania (reviewed by Poloczanska et al. 2007 ) appears set to facilitate further population expansion of C. rodgersii (Ling et al. 2008, Ling et al. in press) , thus the ecological importance of the sea urchin in this system is likely to increase. Finally, because of the typically low functional diversity observed across temperate rocky reef ecosystems (e.g. Steneck et al. 2002 , Micheli & Halpern 2005 , our results indicate that the climate-driven addition of functionally important species to higher latitudes can result in major changes to the dynamics of temperate marine systems. 
